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I. INTRODUCTION
With the discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2] , the last missing piece of the standard model (SM) has been found. However, solid astrophysical and cosmological observations reveal the existence of dark matter (DM), which opens a door for exploring new physics beyond the standard model (BSM). Among various DM candidates proposed, weakly interacting massive particles (WIMPs) are very compelling, because they can naturally explain the DM relic density with particle masses of O(GeV) − O(TeV) [3] [4] [5] [6] .
Many new physics models motivated by deep theoretical problems, e.g., supersymmetry (SUSY) models [7] , naturally provide viable WIMP candidates. Nonetheless, in spite of other motivations, WIMP models can be easily constructed by introducing a dark sector with electroweak (EW) SU(2) L multiplets, whose neutral components provide a potential DM candidate. A dark sector containing one nontrivial SU(2) L multiplet is considered a minimal extension, leading to the so-called minimal dark matter models [8] [9] [10] [11] [12] [13] [14] . Furthermore, introducing more than one SU(2) L multiplet in the dark sector gives rise to a much richer phenomenology .
Among EW gauge eigenstates in SUSY models, bino is an SU(2) L singlet, Higgsinos belong to a doublet, winos form a triplet. Thus, a dark sector with singlet and doublet fermions [15-18, 20, 23, 27-30, 36] , or with doublet and triplet fermions [21, 29, 36, 37] , is analogous to the EW sector of SUSY models in special limits, which has been well studied in the literature for decades. A more complicated case with triplet and quadruplet fermions [26, 29] , however, cannot be regarded as a limit of the SUSY electroweak sector. Thus, we may expect that the phenomenology could be quite different.
In such a triplet-quadruplet dark matter (TQDM) model, the dark sector involves one Weyl triplet with Y = 0 and two Weyl quadruplets with Y = ±1/2. After the electroweak symmetry breaking (EWSB), these multiplets mix with each other; the mass eigenstates include three neutral Majorana fermions χ 0 1,2,3 , three singly charged fermions χ ± 1,2,3 , and one doubly charged fermion χ ±± . By imposing a discrete Z 2 symmetry, the lightest neutral fermion χ 0 1 is stable, serving as a DM candidate. In this work, we investigate signatures of the TQDM model at the LHC and future colliders.
Through their EW gauge interactions, these dark sector fermions can be directly produced in pp collisions, leading to unique signatures at the LHC, as well as at future ∼ 100 TeV pp colliders, such as the Super Proton-Proton Collider (SPPC) [38, 39] and the Future Circular Collider with hadron collisions (FCC-hh) [40] . All dark sector fermions would sequentially decay into the DM candidate χ 0 1 , which escapes detection and leads to a significant amount of missing transverse energy ( / E T ). Therefore, the monojet + / E T channel [41] [42] [43] [44] , where the final states are a large / E T associated with ≥ 1 hard jet from initial state radiation (ISR), should be very efficient for tagging such signal events.
Besides, if χ 0 1 consists of the pure triplet component or the pure quadruplet components, the mass splitting between χ ± 1 and χ 0 1 would be ∼ α 2 m W sin 2 (θ W /2) = 167 MeV, only induced by loop effects [8, 9, 26] . Consequently, the charged fermion χ ± 1 has a macroscopic lifetime, and can travel a short distance in the inner detector before decaying to χ 0 1 and a very soft, unlikely detected π ± In the TQDM model [26, 29] , the dark sector involves one colorless left-handed Weyl triplet T and two colorless left-handed Weyl quadruplets Q 1 and Q 2 obeying the following SU (2) L × U (1) Y gauge transformations:
The hypercharge signs of the two quadruplets are opposite, which makes sure that the TQDM model is anomaly free. Gauge-invariant Lagrangians for the triplet and quadruplets are given by
and
where D µ is the covariant derivative D µ ≡ ∂ µ − igW a µ τ a − ig B µ Y with τ a s being the generators for the corresponding SU(2) L representations. The constants a ij and b ij render the gauge invariance of the a ij T i T j and b ij Q i 1 Q , which can be realized by adjusting the N , C L and C R . Because of the discrete Z 2 symmetry, the lightest Majorana fermion χ 0 1 would be the DM candidate if it is the lightest dark sector fermion. Note that we will not consider any CP-violation phase in this work, and thus there are only four independent parameters in the TQDM model: m T , m Q , y 1 and y 2 .
Besides, we can construct 4-component Dirac spinors from 2-component Weyl spinors:
The mass and kinetic terms can be rewritten as
The Yukawa interaction terms are
The interaction terms with the photon are
The interaction terms with the Z boson are
Here s W ≡ sin θ W and c W ≡ cos θ W with θ W denoting the Weinberg angle. Finally, the interaction terms with the W boson are
B. Mass spectrum
Masses of dark sector fermions and are determined by the parameter set (m T , m Q , y 1 , y 2 ). As the mass spectrum significantly affects the kinematics of their production and decay processes at colliders, we carry out a careful calculation for the masses with one-loop corrections. Details of the calculation are not described in this paper, but interested readers may refer to Refs. [26, [57] [58] [59] . In some parameter regions with y 1 y 2 < 0, the condition of m χ 0
satisfied at tree level may not hold at one-loop level [26] . Such parameter regions should be excluded, since there is no available DM candidate.
There are some symmetries regarding the Yukawa couplings. If one exchanges the values of y 1 and y 2 (y 1 ↔ y 2 ), or simultaneously change the signs of y 1 and y 2 (y 1 → −y 1 , y 2 → −y 2 ), the mass spectrum would not change. Another interesting feature is that the dark sector respects a global custodial symmetry when y 1 = ±y 2 [26, 29] . This custodial symmetry ensures that m rise to a disappearing track signature at colliders.
In Fig. 1(a) , we show the contours of m χ 0 1 for different sets of y 1 and y 2 in the m T -m Q plane. We can see that when m T and m Q are 1 TeV, y 1 and y 2 do not significantly affect the value of m χ 0 1 . This is because the mixing mass terms between the triplet and quadruplets are just determined by the Yukawa interactions at the order of the EWSB scale ∼ O(100) GeV. In this case, m χ 0 1 is close to either m T or m Q , depending on which one is smaller. Consequently, collider searches for these parameter regions may not be sensitive to y 1 and y 2 , and can set general limits on m T and m Q . , which excludes χ 0 1 as a DM candidate. It can be seen that small mass splittings are quite common in this model, even for the case of y 1 = y 2 . Therefore, it is worthy of considering disappearing track searches at the LHC and future colliders.
III. LHC AND SPPC SEARCHES
In this section, we investigate the current LHC constraints on the TQDM model in several search channels by reinterpreting ATLAS analyses at √ s = 13 TeV. We further explore the prospect of the future pp collider SPPC, based on Monte Carlo simulation. The collision energy and the integrated luminosity of the SPPC are set to be 100 TeV and 3 ab −1 , respectively.
In our simulation, FeynRules 2.3.26 [60] is employed to implement the TQDM model. Signal and background samples are generated by MadGraph 5.2.1.2 [61] at parton level.
Pythia 6.4.28 [62] is used to deal with parton showering, hadronization, and decay processes. Background events are matched up to two additional jets with the MLM matching scheme [63] , while signal events are matched with one jet for simplicity. We have checked that the difference between 1-jet matching and 2-jet matching for signals is negligible. Delphes 3.3.3 [64] is utilized to perform a fast detector simulation.
First, we consider the monojet+ / E T channel, where the final state involves an energetic jet and a large missing transverse momentum. This channel is clean and distinctive and has been widely used to search for large extra dimensions [65] , SUSY models [66] , and generic WIMPs [41, 42, 44, 67] at the Tevatron and the LHC. In the TQDM model, pair production of dark sector fermions associated with a hard ISR jet would also give rise to such a monojet + / E T final state.
SM backgrounds in the monojet+ / E T channel are dominated by Z(→ νν)+jets, W (→ ν)+jets, tt + jets, and W (→ ν)W (→ ν) + jets [44, 45] . Other contributions, e.g., from top production associated with additional vector bosons can be neglected [44] . We have carefully compared our simulated backgrounds with those given by the ATLAS monojet + / E T analysis with √ s = 13 TeV [43] , and find that they are almost perfectly matched with each other. For the signal simulation, we include all the production processes of pp → χχ + jets, where χ represents any fermion in (χ 0 i , χ
For evaluating the current LHC constraint, we study the latest result from the ATLAS analysis [44] with √ s = 13 TeV and an integrated luminosity of 36.1 fb −1 . The object reconstruction conditions and kinematic cut conditions used in this analysis are listed in the second column of Table I . They require the final state involving at least one energetic central jet, a large / E T , and no lepton (n = 0 for = e, µ). We closely follow these cut conditions to reinterpret the experimental result. The resulting constraint is shown in Fig. 2 , where the orange regions are excluded at 95% C.L. by the LHC search. 
Cut conditions GeV   TABLE I . Reconstruction and cut conditions in the monojet + / E T channel used in the ATLAS analysis at the 13 TeV LHC [44] and those adopted for estimating the sensitivity at the 100 TeV SPPC. Here j and = e, µ represent jet and lepton, respectively. j 1 means the leading jet, i.e., the jet with the largest p T . n and n j are the numbers of reconstructed leptons and jets, respectively. / p T denotes the missing transverse momentum vector. GeV. This is due to the fact that the pure quadruplets have larger production cross section than the pure triplet, as the quadruplets contain more dark sector particles than the triplet.
Below we estimate the sensitivity of the monojet+ / E T channel at the SPPC with √ s = 100 TeV. The signal significance S can be defined as [45] 
where S and B are the numbers of signal and background events, respectively, while λ and γ indicate the systematic uncertainties of the background and the signal, respectively. In order to improve the significance, one needs to perform some efficient cuts. For the monojet + / E T channel, cuts on / E T and the transverse momentum of the leading jet (p T (j 1 )) are very important. By analyzing the monojet + / E T distributions of the backgrounds and some signal benchmark points (BMPs), we can deduce proper values or intervals of the kinematic variables for cut conditions. We consider four signal BMPs, whose model parameters are tabulated in Table II . Figures 3(a) and 3(b) demonstrate the differential cross sections and the fractions in each bins for backgrounds and BMPs as functions of / E T at √ s = 100 TeV. Here we have performed a preselection by requiring p T (j 1 ) > 1200 GeV [45] . It is obvious that the distributions of the signals are likely to extend to higher / E T than the backgrounds.
The reconstruction and cut conditions we adopt for SPPC are tabulated in the third column of Table I . In order to efficiently improve the signal significance, we consider six signal regions with different cuts on / E T , as listed in Table III . It is difficult to accurately evaluate the systematic uncertainties for future detectors. Here we simply set γ = 10% and λ = 1% [45] . Although these values may be overly optimistic, they provide a benchmark case for estimating the signal significance. 95% C.L. expected exclusion limits of the monojet+ / E T channel at the SPPC with √ s = 100 TeV and an integrated luminosity of 3 ab −1 are indicated by the canary yellow regions in Fig. 2 . Compared with the capability of the LHC, SPPC will improve the search ranges of the mass parameters by an order of magnitude. When a pure triplet (quadruplet) χ 0 1 , the monojet + / E T search at the SPPC could reach up to m χ 0 1 ∼ 900 (2000) GeV.
Two Yukawa parameter sets with y 1 = y 2 and y 1 = y 2 , i.e., the cases that the custodial symmetry is respected and violated, are considered in Fig. 2(a) and Fig. 2(b) . We find that the variation of the Yukawa couplings does not significantly affect the SPPC sensitivity. As we have mentioned in Sec. II B, this is because Dirac masses induced by y 1 and y 2 are quite small, compared to TeV-scale m T and m Q .
In Fig. 2 , we also demonstrate the constraints from the observed DM relic density. We utilize the package MadDM 2.0.6 [68] to calculate the thermal relic density in the TQDM model. All annihilation and coannihilation processes at the freeze-out epoch have been taken into account. The blue regions in Fig. 2 are excluded due to DM overproduction, i.e., the predicted Ω χ h 2 is larger than the observed value 0.1186 [69] . Compared with this constraint, we can see that the SPPC search will be able to explore a very large region in the allowed parameter space.
B. Disappearing track channel
In some supersymmetric models, such as the anomaly mediated supersymmetry breaking (AMSB) scenario [70, 71] , the lightest charginoχ ± 1 is nearly mass degenerate with the lightest supersymmetric particle (LSP). The lifetime of chargino can be long enough to travel a distinct distance in the inner detector before decaying into the LSP and a very soft, unlikely detected SM particles, such as pion. Therefore, the track arising from such a long-lived chargino seems to disappear, and only leaves hits in the innermost layers. There would be no hit in the portions of the detector at higher radii, because the LSP passes through the detector without interaction [46] . This is the reason why such a signature is called disappearing tracks.
In the TQDM model, there are three cases that could lead to a mass degeneracy between χ ∼ O(100) MeV. They would also induce a disappearing tack signal at colliders. As mentioned in Sec. II, a custodial symmetry in the limit of |y 1 | = |y 2 | would lead to such a mass spectrum. Moreover, when m T max(m Q , |y 1 |v, |y 2 |v) or m Q max(m T , |y 1 |v, |y 2 |v), the 100 TeV SPPC Reconstruction conditions [46] . The third column is used for evaluating the sensitivity at the 100 TeV SPPC. j with a subscript "top4" means a jet belongs to the four highest-p T jets. Note that all the terms "tracklets" in the table represent the pixel tracklets.
quadruplet components or the triplet component in χ 0 1 is almost dominant. In these two cases, χ 0 1 is almost degenerate with χ ± 1 in mass even for y 1 = y 2 , because the mixing terms in mass matrices are suppressed by m T or m Q . In the following study, we focus on the latter two cases with m T m Q (pure triplet case) and m T m Q (pure quadruplet case) and take y 1 = y 2 = 0 for simplicity.
The current ATLAS search for disappearing tracks [46] is based on 36.1 fb −1 of data at √ s = 13 TeV. The cut conditions are summarized in the second column of Table IV. A critical object for this search is called a pixel tracklet, which contains at least four pixel-detector hits and with no hits in the strip semiconductor tracker and transition radiation tracker detectors. Besides all these pixel tracklets must not belong to any standard track. By such a definition, pixel tracklets mimics disappearing tracks we are looking for.
Before analyzing the disappearing track signature in the TQDM model, we should check the validity of our simulation and analysis method. We attempt to reproduce the σ vis contour in the mχ± 1 -τχ± 1 plane for the AMSB model according to the 95% C.L. observed limit of σ vis = 0.22 fb given in the ATLAS analysis. Here σ vis is the signal visible cross section after imposing kinematic cuts. From Fig. 4 , we can see that our MC result matches with the ATLAS result quit well. It is worth noting that the disappearing condition of this latest ATLAS analysis is different from previous works [45, 47] . The previous ATLAS analysis [47] requires the track length of unstable charged particles larger than ∼ 30 cm, while much shorter tracks, especially the pixel tracklets, are used in the latest analysis.
Then we study the constraint from the disappearing track search on the TQDM model. The signal events are generated through pp → χχ + jets. A leading jet from ISR is required to ensure a significant / E T , making the trigger more efficient. For the pure triplet case, the mass splitting between χ Γ(χ
where f π 93 MeV is the pion decay constant, and G F is the Fermi coupling constant. O L ij and O R ij are χ 0 i χ ± j W couplings and can be read from Eq. (22):
|k π | is the 3-momentum norm of the pion in χ ± i rest frame given by plane for the pure triplet (a) and pure quadruplet (b) cases of the TQDM model. The red solid lines represents the current exclusion limit from the ATLAS search based on a data set of 36.1 fb −1 at the 13 TeV LHC [46] . The red bands denote the ranges of the expected exclusion limit we estimate for the 100 TeV SPPC search with an integrated luminosity of 3 fb Below we discuss the prospect of the disappearing track channel at the 100 TeV SPPC. The SM backgrounds are mainly contributed by the W + jets and tt + jets processes. Nonetheless, there are also three kinds of fake pixel tracklets that could contribute to the backgrounds [46]: 1. A hadron undergoes a hard scattering with the inner detector and is not recognized as belonging to the same track.
2. A lepton emitting a hard photon could be identified as a disappearing tracklet.
3. A random combination of hits can be created by different nearby particles.
All these known and other potentially unknown detector effects make us impossible to accurately simulate the backgrounds at the SPPC. Instead, we can perform a simple estimation by rescaling the number of background events at the 13 TeV LHC [46] , according to the event rates of the W + jets and tt + jets backgrounds at the SPPC and LHC [12, 45, 48, 49] .
We choose several BMPs for the pure triplet and pure quadruplet cases, as listed in Table V . Fig. 6 shows the normalized distributions of p T (j 1 ) and / E T for the backgrounds and signal BMPs at √ s = 100 TeV. According to these distributions, the cut thresholds for p T (j 1 ) and / E T can both be chosen to be 1500 GeV. We find that these thresholds are useful for both the pure triplet and quadruplet cases. After applying all the cut conditions listed in the third column of Table IV , the expected background event number would be ∼ 1 with an integrated luminosity of 3 ab −1 . However, this number may be underestimated. In order to take into account the uncertainty in the background calculation, we adopt a range for the background estimation by rescaling this number by a factor of 0.2-5.
The expected 95% C.L. exclusion limits at the SPPC are given as the red bands in Fig. 5 , according to the rescaling factor varying within 20%-500%. In the pure triplet case, the SPPC search could reach up to m χ ± 1 3.2-4.5 TeV. In the pure quadruplets, the lower limit of m χ ± 1 would be raised to 3.5-5.2 TeV. Thus, the disappearing track channel at the SPPC has the potential to explore the whole range of m χ 0 1 allowed by the observed relic abundance for these two special cases.
+ 0jets + / E T inclusive signal regions
TABLE VI. Cut conditions for the 2 + 0jets + / E T inclusive signal regions. The number written in brackets is used for the 100 TeV SPPC, while other numbers are used in the ATLAS analysis at the 13 TeV LHC [51] .
If the kinematics is allowed, charged and heavier neutral fermions in the dark sector would decay into leptonic states via real or virtual W and Z bosons, leading to detectable signals in the multilepton + / E T channel. This channel has been widely used to explore SUSY models [51, 52, 73, 74] . In this subsection, we just focus on the final state containing two or three charged leptons associated with a large / E T .
In our simulation, the signal events come from pp → χχ + jets. Main SM backgrounds arise from W W + jets, W Z + jets, ZZ + jets, and tt + jets production processes. We have compared our MC results for SM backgrounds with the ATLAS MC results [75] , and find that they match with each other very well.
We used the latest ATLAS analysis [51] as our primary reference for analyzing the multilepton+ / E T channel. This channel can be categorized into three subchannels according to the numbers of leptons and jets in the final state, i.e., the 2 + 0jets + / E T , 2 + jets + / E T , 3 + / E T channels. There are some common reconstruction conditions for these channels:
• All jets must have p T > 20 GeV and |η| < 2.8.
• Baseline electrons are required to have p T > 20 GeV and |η| < 2.47.
• Baseline muons are required to have p T > 20 GeV and |η| < 2.5.
• Central light-jets, which are tagged as b-jets, are required to have p T > 60 GeV and |η| < 2.4.
• Central b-jets are required to have p T > 20 GeV and |η| < 2.4.
In the 2 +0jets+ / E T channel, the leading and subleading leptons are required to have p T > 25 GeV and p T > 20 GeV, respectively, and the signal events should not contain any central light-jet or central b-jet. Other cut conditions for the signal regions in the three channels defined in the ATLAS analysis are listed in Tables VI, VII 
TABLE VII. Cut conditions for the 2 + jets + / E T inclusive signal regions. j 1 and j 3 denote the jets with the highest and third highest p T , respectively. Z and W mean the Z and W bosons constructed by the two leptons ( ) and the two jets (jj), respectively The numbers in brackets are used for the 100 TeV SPPC, while others are used in the ATLAS analysis at the 13 TeV LHC [51] .
3 + / E T binned signal region [51] . 3 denotes the lepton with the third highest p T , while j 1 denotes the jet with the highest p T .
Note that in the 2 + 0jets + / E T channel, the kinematic variable m T2 [76] [77] [78] is utilized instead of / E T in order to effectively suppress backgrounds. Thus, this channel is sensitive to signal processes like χ
In the 2 + jets + / E T channel, two same-flavor opposite-sign (SFOS) leptons are used to reconstruct a Z boson, while two jets are used to reconstruct a W boson. The cut conditions utilize several kinematic variables related to the reconstructed Z and W bosons. Such a channel is useful for searching signals like χ 0 2 χ In the case of y 1 = y 2 = 0.5, the custodial symmetry is respected, leading to a compressed particle spectrum in the regions with m T ∼ m Q , small m T , or small m Q . This means that the leptons from dark sector fermion decays would not be energetic. As a result, the multilepton + / E T channel can hardly explore these parameter regions. In the case of y 1 = 1.0 and y 2 = 0.5, such parameter regions do not appear.
Then we investigate the SPPC sensitivity. Four BMPs are adopted for studying cut thresholds, as listed in Table IX . In Fig. 8, distributions for the backgrounds and signal BMPs are presented. Here we demonstrate the normalized distributions of two kinematic variables: the invariant mass of the lepton pair m ll for the 2 +0jets+ / E T channel and the transverse momentum of the reconstructed Z boson p Z T for the 2 +jets+ / E T channel. Based on such distributions, we choose the cut thresholds of m ll and p Z T to be 200 and 125 GeV, respectively. Other cut conditions can be found in Tables VI  and VII. The canary yellow regions in Fig. 7 are expected to be excluded at 95% C.L. by the multilepton+ / E T search at the 100 TeV SPPC with an integrated luminosity of 3 ab −1 . We find that such a search would probe the parameter regions up to m T ∼ 4 TeV and m Q ∼ 4 TeV. But this channel seems less powerful than the monojet + / E T channel.
IV. CEPC SEARCHES
With a collision energy of √ s ∼ 240-250 GeV and an integrated luminosity of 5 ab −1 , more than one million Higgs bosons will be produced at the CEPC [38] . The CEPC has a powerful capability to measure the detailed properties of the Higgs boson and explore BSM models through precision measurements. In this section, we study loop effects on CEPC Higgs measurements induced by dark sector fermions in the TQDM model.
The leading production process of the SM Higgs boson at the CEPC is the Zh associated production e + e − → Zh. The EW corrections to its cross section σ Zh at the next-to-leading order (NLO) in the SM can be found in [79] [80] [81] . Recently, the mixed QCD-EW O(αα s ) corrections to σ Zh [82, 83] and the ISR effects [84] have also been studied. For a data set of 5 ab −1 , the relative precision of the σ Zh measurement would reach down to ∆σ Zh /σ Zh ∼ 0.5%.
With such a high precision, new physics effects through loop corrections may manifest. As the dark sector fermions in the TQDM model couple to both the Higgs boson and the EW gauge bosons, it is worth investigating their one-loop correction to σ Zh . We utilize the packages FeynArts 3.9 [85] , FormCalc 9.4 [86] and LoopTools 2.13 [87] to calculate this correction at √ s = 240 GeV. We adopt the on-shell renormalization scheme and neglect the mass and Yukawa coupling of the electron. The deviation of σ Zh from the SM prediction can be expressed as
Here σ 0 = σ SM-LO +∆σ SM-NLO is the SM prediction including the leading-order cross section σ SM-LO and the NLO correction ∆σ SM-NLO . σ = σ 0 + ∆σ TQ-NLO involves the NLO contribution from the TQDM model, ∆σ TQ-NLO . If the predicted ∆σ/σ 0 is larger than 0.5%, the CEPC measurement should be able to probe such an effect of the TQDM model.
We calculate ∆σ/σ 0 for four benchmark cases, as shown in Fig. 9 . For each case, we fix two parameters in (m T , m Q , y 1 , y 2 ) and vary the other two. The colored regions corresponding to ∆σ/σ 0 > 0.5% may be explored by the CEPC measurement, while the gray regions are beyond its capability. The dot-dashed lines represent the mass of χ 0 1 . In Figures 9(a) and 9(b) , the Yukawa couplings are fixed to be y 1 = y 2 = 0.5 and (y 1 , y 2 ) = (1.0, 0.5), respectively. We can see that the CEPC would explore up to m χ 0 1 ∼ 275-300 GeV for these two cases. When m T 100 GeV and m Q 300 GeV, all dark sector fermions become heavy, suppressing the Higgs effective interactions with the photon and Z. Thus, the corrections in these region would not be significant.
It is promising to search the loop effects on σ zh for small m T and m Q . Thus, we fix (m T , m Q ) to be (100, 400) GeV and (400, 200) GeV in Figures 9(c) and 9(d), respectively, to examine how ∆σ/σ 0 varies with y 1 and y 2 . In these two cases, χ 0 1 is dominated by either the triplet or the quadruplets. We can see that ∆σ/σ 0 > 0.5% almost holds in the whole y 1 -y 2 plane.
Note that the variation of ∆σ/σ 0 in all these plots looks quite complicated. This is mainly due to the threshold effect. For instance, in the regions with m χ 0
s and so on, the propagators of dark sector fermions meet some poles, and their contributions change dramatically. In order to more explicitly analyze such a effect, we plot the contours indicating some threshold conditions in Fig. 10 . Comparing Figures 9(a) and 9(c) with Fig. 10 , we can find that most of the ∆σ/σ 0 structures match these contours.
B. h → γγ decay
In the SM, the Higgs boson decay into diphoton is induced by loops of the W boson and heavy charged fermions. The deviation of the h → γγ partial width Γ γγ from the SM prediction Γ SM γγ can be characterized by a ratio κ γ ≡ Γ γγ /Γ SM γγ . The CEPC can measure this ratio with a high precision of 4.7% for an integrated luminosity of 5 ab −1 [38] . In the TQDM model, the singly charged fermions χ ± i couple to both the Higgs boson and the photon, and hence modify the value of κ γ from 1. Therefore, the measurement of h → γγ could be useful for exploring the TQDM Note that the doubly charged fermion χ ±± , which is only constructed by the quadruplets, does not contribute to Γ γγ . This is because an SU(2) L invariant Yukawa term ∼ QTH must be built from a triplet and a quadruplet. The h → γγ partial decay width can be cast into the form of [36, [88] [89] [90] where α is the fine-structure constant, N c is the color factor, Q f is the electric charge of an SM fermion f , and G h,ii is the χ − i χ + i h coupling, which can be read from Eq. (19):
The first two terms between the vertical bars are SM contributions, while the third term comes from the TQDM model. A 1/2 and A 1 are the form factors for spin-1/2 and spin-1 particles:
where the function f (τ ) and the parameters τ are defined as
Using the above formula, we calculate the prediction for κ γ in the TQDM model and compare it with the CEPC precision. In Fig. 11 , the red regions are expected to be excluded by the CEPC h → γγ measurement at 95% C.L. We can see that it is possible to explore up to χ 
V. CONCLUSIONS AND DISCUSSIONS
In this paper, we investigate the current constraints on the TQDM model from 13 TeV LHC searches, and further study the prospects of searches at future colliders, including the SPPC and the CEPC. As the dark sector fermions could be directly produced at high energy hadron colliders, we discuss three signal channels, i.e., the monojet + / E T , disappearing track, and multilepton + / E T channels, at the LHC and the SPPC.
In the monojet + / E T channel, we find that when χ 0 1 is almost pure triplet (quadruplet), the LHC search has excluded the parameter regions with m χ 0 1 70 (200) GeV at 95% C.L. Because of the extremely high collision energy, the monojet + / E T search at the SPPC will be able to explore most of the parameter regions allowed by the observed DM relic density, up to m χ 0 1 ∼ 1000-2000 GeV.
If χ ± 1 is nearly degenerate in mass with χ 0 1 , it would have a moderate lifetime that leads to the disappearing track signal at colliders. This case can be realized in the regions with |y 1 | = |y 2 |, or m T max(m Q , |y 1 |v, |y 2 |v), or m Q max(m T , |y 1 |v, |y 2 |v). We find that for a pure triplet (quadruplet) χ 0 1 , the parameter regions with m χ 0 1 410 (472) GeV are excluded at 95% C.L. by the disappearing track search at the LHC, while the SPPC would explore up to m χ 0 1 ∼ 3200-4500 (3500-5200) GeV.
The multilepton + / E T channel is suitable to investigate the parameter regions where the mass spectrum is not compressed. We find that some regions with m χ 0 1 200 GeV have been excluded by the LHC multilepton + / E T searches, while the same kind of searches at the SPPC will probe the parameter regions up to m χ 0 1 ∼ 2000 GeV If the mass spectrum is compressed, the discovery capability of this channel is much weaker than that of the monojet + / E T channel.
On the other hand, the future Higgs factory CEPC will be able to study loop effects of BSM physics through high precision Higgs measurements. We calculate the loop correction to the e + e − → Zh production cross section induced by dark sector fermions in the TQDM model, and find that the related CEPC measurement would explore up to m χ 0 1 ∼ 300 GeV for moderate values of y 1 and y 2 . We also compute the deviation of the h → γγ partial width induced by χ ± 1,2,3 . The sensitivity of the h → γγ measurement will be weaker than that of the e + e − → Zh measurement, but it covers some particular regions where the latter loses sensitivity due to the threshold effect.
Although we have treated the Yukawa couplings y 1 and y 2 as free parameters in the above calculations, large y 1 and y 2 may cause a problem. As the Yukawa couplings give negative contributions to the β function of the Higgs quartic coupling λ, sufficient large y 1 and y 2 may render λ negative at a scale much lower than the Planck scale, endangering the stability of the EW vacuum. In order to evaluate such an effect, we derive the dark sector contributions to the β functions of λ, g, g , and y t , the top Yukawa coupling, at one-loop level as ∆β λ = 1 16π 2 8λ(y 
These expressions are derived by hand and crosschecked using PyR@TE 2.0.0 [91] .
By solving the renormalization group equations with the initial values of the couplings at the top mass pole [92] , we obtain the running values of the couplings at high scales According to our calculation, if y 2 1 + y 2 2 0.5, the EW vacuum would be stable up to the Planck scale. If 0.5 y 2 1 + y 2 2 0.7, the vacuum would be metastable. For an even larger y 2 1 + y 2 2 , some additional bosonic degrees of freedom would be needed above the TeV scale for ensuring the vacuum stability. Surprisingly, introducing new Yukawa couplings in the TQDM model do not make the vacuum stability worse than the SM. The reason is that the large, positive contribution to β g from the triplet and quadruplets increase g at high scales, and hence indirectly lift up λ. Nevertheless, g would reach a Landau pole around the Planck scale. Thus, one may expect that there is other new physics below the Planck scale.
